Abstract The article describes a facile method for the preparation of a conjugate composed of silver nanoparticles and graphene oxide (Ag@GO) via chemical reduction of silver precursors in the presence of graphene oxide (GO) while sonicating the solution. The Ag@GO was characterized by X-ray photoelectron spectroscopy, X-ray powder diffraction, and energy-dispersive X-ray spectroscopy. The nanocomposite undergoes a color change from yellow to colorless in presence of Hg(II), and this effect is based on the disappearance of the localized surface plasmon resonance absorption of the AgNPs due to the formation of silver-mercury amalgam. The presence of GO, on the other hand, prevents the agglomeration of the AgNPs and enhances the stability of the nanocomposite material in solution. Hence, the probe represents a viable optical probe for the determination of mercury(II) ions in that it can be used to visually detect Hg(II) concentrations as low as 100 μM. The instrumental LOD is 338 nM.
Introduction
Silver nanoparticles (AgNPs) attracted much attention due to its high catalytic activity, electronic and optical properties [1] [2] [3] [4] . The AgNPs possess a principal absorption band in the region of 400 nm due to the localized surface plasmon resonance (LSPR) [5, 6] . This SPR feature of AgNPs is aroused due to the collective oscillation of electrons on the surface of the AgNPs that are excited by incident electromagnetic waves [7] . The LSPR band position and intensity mainly depend on the size, shape and refractive index. [8] This LSPR band of AgNPs is more sensitive to the surrounding environment and it significantly influences the band position and intensity. Based on the changes in the LSPR band position and intensity, an optical sensor platform with AgNPs was developed to detect the wide range of analytes, including biomolecules [9] , nitroaromatics [10] , phenolic compounds [11] , and heavy metal ions [12] .
Among the investigated analytes, heavy metal ions especially Hg(II) ions are more often monitored with AgNPs through the optical sensing method owing to its high toxicity and solubility in water [13] . Mercuric (Hg(II)) ions are mainly released into the atmosphere from solid waste incineration, Electronic supplementary material The online version of this article (doi:10.1007/s00604-015-1658-6) contains supplementary material, which is available to authorized users.
power plants, and burning fossil fuels [14] that pollute water, soil and air [15, 16] . The existence of Hg(II) ions in water causes serious damage to the brain, nervous system, kidneys and endocrine system of living organisms [17] . Developing a system for detecting Hg(II) with high sensitivity and selectivity against other common metal ions dissolved in water is a challenge in recent years [18] [19] [20] [21] [22] [23] [24] . From an environmental point of view the development of an inexpensive, simple, selective and sensitive method of detection of Hg(II) becomes highly important.
There are many types of sensors invented to detect Hg(II) in the environment. Some studies reported the detection of Hg(II) ions using electrochemical methods [25] [26] [27] . Although they achieved a very high limit of detection (LoD), they need to use expensive apparatus and complicated setup. For the electrochemical testing of Hg(II) sample, the fabrication of an electrode is necessary, and that is a very tedious process. In addition, the detection of Hg(II) using fluorescence spectrometry has been widely investigated [28] [29] [30] . Although this method is simple and is able to detect trace amounts of Hg(II) ions in solution, it requires expensive equipment to work. In this respect, colorimetric sensors are cheaper and do not require tedious preparation methods, colorimetric sensors have the advantage that the existence of Hg(II) is easily discernible to the bare eyes without being affected by other possible dissolved ions [31] [32] [33] [34] [35] [36] [37] [38] . Recently, Hg(II) ion sensing was reported with noble metals such as Au and Ag by utilizing the size/interparticle distance-dependent optical properties and high extinction coefficients [39] [40] [41] . The interaction between surfactants and metal NPs results in changes to the refractive index of these NPs and the LSPR band [8, 9] . They also may electrostatically repel the analyte, preventing it from interacting with the metal NPs and reducing the sensitivity of the sensor. Generally the metal NPs are more stable in low concentrations; therefore more ratio of stabilizer/metal NPs is needed for stabilizing high concentration metal NPs solutions. This has resulted that researchers either lower the concentration of metal NPs (which reduces the detection range) or sacrifice the sensitivity (which is important to have low LoD) of their colorimetric sensor [11, 12, 16] . In this study, the AgNPs was prepared by using a simple chemical reduction agent and stabilized on graphene oxide (GO) sheets. Here, unlike the surfactants, the GO does not cap the AgNPs and reduce sensitivity of the Ag toward amalgamation. Furthermore, it does absorb and collect the Hg(II) ions in the medium and may ease the reaction to happen. Moreover, GO can stabilize huge amount of AgNPs and it results the invented sensors be able to detect vast range of Hg(II) ions (up to 200 μM with LoD 338 nM). Subsequently, the Ag@GO nanocomposite was used as colorimetric sensor for the detection of Hg(II) with the bare eyes and also an optical sensor based on the LSPR changes upon the addition of various Hg(II) concentrations. This significant change in the LSPR of the AgNPs is due to change in the morphology through the formation of AgHg amalgam. Selectivity in the detection of Hg(II) in the presence of various environmentally relevant metal ions was also studied.
Materials and methods

Chemicals and reagents
Graphite flakes were purchased from Asbury Inc., USA. 4 ), and copper chloride dihydrate (CuCl 2 .2H 2 O) were received from Merck. All the chemicals used were of analytical grade and were used without further purification. All solutions were prepared using deionized water.
Preparation of Ag@GO nanocomposite
The Ag@GO nanocomposite was prepared with the following procedure. Typically, 4 mg of GO (prepared by simplified Hummer's method [42] ) was dispersed into 30 mL DI water. Then, 85 mg silver nitrate (AgNO 3 ) was dissolved in 10 mL DI water separately, to be mixed with the GO solution. The resulting mixture was sonicated for 20 min with 80 W horn sonicator in a cool water bath in order to ensure homogeneous mixing. At the end of sonication, 400 μL of freshly prepared sodium borohydrate (5 mM) solution was added to the GOAgNO 3 solution until the color of the solution changed to dark yellow instantly. This indicates the formation of Ag@GO nanocomposites.
Characterization techniques
The crystalline phase of the samples was analyzed via X-ray diffractometer (Siemens-D5000) with Cu Kα radiation (λ= 1.5418 Å) at a scan rate of 0.02 degrees sec . The morphology of the nanocomposite was examined with JEOL JEM-2100F high resolution transmission electron microscopy. Optical absorption properties in the spectral region of 190-900 nm were assessed using a Thermo Scientific Evolution 300 UV-vis absorption spectrophotometer. The electrochemical measurements were carried out using PAR-VersaSTAT 3 electrochemical analyzer (Princeton Applied Research, USA) with a conventional three electrode system at room temperature. The Ag/ AgCl and platinum wire are used as reference electrode and counter electrode for electrochemical test.
Optical detection of Hg(II) ions
The optical sensing of metal ions with the Ag@GO nanocomposite was performed using Thermo Scientific Evolution 300 UV-vis spectrophotometer. The absorption spectra of the Ag@GO nanocomposite were recorded upon the addition of various concentrations of metal ions. For optical detection, a specific concentration of the metal ion solution was added into 2 mL of Ag@GO solution, shaken well and subjected to a constant resting time (1 min) before the absorbance spectrum of the solution was recorded. The best analytical wavelength for analyzing Hg(II) ions is found to be 414 nm.
Results and discussion
Choice of materials
In this work, we decided to use AgNPs as the sensing material for Hg(II) ions. AgNPs have strong LSPR absorbance band in about 400 nm due to the collective resonance of electrons in this material. The changes LSPR absorbance can be observed when an analyte interacts with AgNPs. Moreover, the Ag possesses electrochemical potential very close to Hg, that will result these materials can chemically interact with each other and form AgHg amalgam.
Stabilizers are often used for stabilizing metal NPs. These stabilizers cap the metal NPs and electrostatically prevent metal NPs to aggregate. The drawback of using stabilizers is that they cover the metal NPs and may reduce their contact with medium, and therefore reduce their sensitivity toward electrolyte. Furthermore, they are also able to change the refractive index of metal NPs and shift and reduce the LSPR absorbance band [43] . Moreover, usually stabilizer are not able to stabilize huge amount of metal NPs in solution that is will cause the optical sensors to have small detection range. Here, we used GO as stabilizer in this work with the hypothesis to avoid the mentioned drawbacks of conventional stabilizers.
Optical properties of Ag@GO nanocomposites
The absorption spectra of AgNO 3 , GO and synthesized Ag@GO nanocomposite were recorded to monitor the spectral changes and are shown in Fig. S1 . The observed absorption peak at 265 nm for AgNO 3 corresponds to the absorbance peak of Ag(I) ions [44, 45] . In the case of GO, it shows two absorption bands at 230 and 300 nm which are attributed to π→π* of aromatic C-C bond and n→π* of C=O bond transition, respectively [46] . The reduction of Ag(I) to Ag(0) occurs upon the addition of NaBH 4 into the GO-AgNO 3 solution and results in the formation of AgNPs on the surface of GO. The nanocomposite product after the addition of NaBH 4 shows n→π* transition of C=O bond that suggested that NaBH 4 only reduces the Ag(I) to AgNPs and not the GO to reduced graphene oxide (rGO).
Optical sensing of Hg(II) ions by Ag@GO nanocomposite
The applicability of the Ag@GO nanocomposite towards the sensing of Hg(II) ions was investigated by adding 200 μM of Hg(II) into the Ag@GO solution. It can be seen that after the addition of Hg(II) ions, the color of the solution immediately disappeared ( Fig. 1(Inset) ). The absorption spectra recorded before and after the addition of 200 μM of Hg(II) into the Ag@GO solution are shown in Fig. 1 . It can be seen that the blank Ag@GO shows the LSPR band at 416 nm and after the addition of Hg(II), the LSPR band almost disappeared. Based on the above observation, the Hg(II) sensing ability of Ag@GO was investigated using absorption-based titration with the addition of different Hg(II) concentrations. The absorption of the Ag@GO sample was recorded with the titration of Hg(II) with a concentration range of 10-200 μM, as shown in Fig. 2a . Moreover, each addition of Hg(II) ions, results in decoloring the solution. When the Hg(II) ions concentration in the solution reaches to about 100 μM, the color change can be easily detectable by bare eyes. A blue shift in the LSPR band with the decrease in the LSPR intensity was observed during the titration of Hg(II) with Ag@GO nanocomposite. The LSPR intensity (I d ) reduced for the Ag@GO upon each addition of Hg(II) ions. This LSPR intensity change is plotted against the concentration of Hg(II) ions in Fig. 2b . The calibration plot showed a higher decrement in the absorption at lower concentrations of Hg(II) (<100 μM) and the plot [11, 12, 16, 18] (Table 1 ) and the present sensor performance is better than previously reported works in both LoD and detection range. Furthermore, to investigate the influence of dilution on the LSPR band of Ag@GO, the addition of several portions of known amounts of water into the Ag@GO solution was monitored and no significant change in the intensity or shift in the absorbance peak was observed (data not shown). This experiment indicates that the changes in LSPR intensity and position are solely due to the interaction between Hg(II) ions and Ag, and the formation of AgHg amalgam [16] .
Mechanism for the amalgamation-based detection of Hg(II) ions with Ag@GO nanocomposite
The schematic representation of amalgamation based optical sensing of Hg(II) ions using AgNPs and the role of GO are shown in Fig. 3 . The existence of functional groups on the GO structure results in a large negative surface charge on GO. Negatively charged GO sheets electrostatically adsorb positively charged Hg(II) ions and preconcentrates them from solution [47, 48] . The preconcentrated Hg(II) ions may easily interact with the AgNPs decorated on GO to form the AgHg amalgam (Fig. 3a) . Our empirical results shows that Hg(II) ions interact with AgNPs and amalgamation process can overcome the electrostatic force between Hg(II) ions and GO. The Hg(II) ions interact with Ag(0) atoms and they reduce to Hg(0) and cause the Ag(0) atoms to be oxide to Ag(I). In this sensing method, the blank AgNPs initially showed a characteristic LSPR band ( Fig. 3B(a) ). After the addition of a certain concentration of Hg(II) ions into the solution, the LSPR band position as well as the intensity were influenced due to the primary adsorption of Hg(II) on the AgNPs surface ( Fig. 3B(b) ). With an increase in the Hg concentration, the LSPR band was completely quenched and the band position was drastically blue shifted ( Fig. 3B(c) ). The quenching and shift in the LSPR band of AgNPs are due to the deposition of Hg drops/layers on the AgNPs surface, thereby forming the amalgam between Ag and Hg [49] . When the amalgamation continues, the LSPR band of AgNPs disappears at increased concentration of Hg(II) ions until the size of AgNPs get smaller than 2 nm [8, 50] . It is known from the literature [51] [52] [53] that the adsorption of Hg(II) ions on AgNPs causes a blue shift in the LSPR due to the redox interaction between the AgNPs and Hg(II) ions and this facilitates the formation of AgHg amalgam because the Hg(II) ions has sufficient electrochemical potential (0.85 V) to overcome that of the Ag(I)/Ag couple (0.8 V) [54] [55] [56] . Other elements possess different electrochemical potential and are disable to promote the reaction to occur (Table S1 ) [57, 58] . Stabilizing AgNPs with surfactants (such as CTAB and SDS) reduces the LSPR band of AgNPs due to changing the refractive index of this material. It also caps the AgNPs such that it may repel the Hg(II) ions and reduces the sensitivity of the material toward Hg(II) ions. On the other hand, GO stabilizes the AgNPs without any severe effect on the refractive index of the AgNPs, and help Hg(II) ions to reach the Ag by adsorbing them from the medium. Moreover, the GO is able to stabilize large number of AgNPs. This will lead the AgNPs to be capable to react with larger amount of Hg(II) ions and therefore detection range will increase.
Characterization of Ag@GO nanocomposite before and after addition of Hg(II) ions
The morphology of the Ag@GO nanocomposite and the Ag@GO nanocomposite after the addition of 200 μM of Hg(II) was studied by recording the TEM images and are shown in Fig. 4 . The AgNPs on GO sheets were visible before and after the addition of Hg(II) (Fig. 4a and c) . Furthermore, the lattice resolved TEM images were recorded for the samples in order to get deep insight into the amalgam formation between AgNPs and Hg(II) as shown in Fig. 4b and d, From all 232 AgNPs were found in our HRTEM images, most of them (83.6 %) are less than 15 nm in diameter and average particle size calculated 10.4 nm (with standard deviation is 5.2 nm). The particle distribution size graph is given in the Fig. S2 .
The XRD results of Ag@GO nanocomposite and AgHg@GO nanocomposite are shown in Fig. S3 . The XRD results indicate that the peaks for planes (2 0 0), (2 2 0), (3 1 1) and (2 2 2) Bragg reflections are weak and broadened relative to the intense (1 1 1) reflection. This feature implies that the nanocrystals are anisotropic, as confirmed by HRTEM results (Fig. S3a) [59] . After the addition of Hg(II), the AgNPs structure was disturbed and changed to AgHg amalgam structure. This caused the disappearance of XRD deflection peaks for AgNPs. Here some new weak peaks can hardly observe which may attribute to AgHg amalgam structure (JCPDS No. 03- (Fig. S3b) . The AgHg amalgam has different diffraction peaks when compared to AgNPs, indicating a crystal structure change of Ag after amalgamation (Fig. S3b) .
XPS analysis was performed to understand the AgHg amalgamation and their corresponding core-level spectra are shown in Fig. 5 . The core-level spectrum of the Ag 3d region for AgHg amalgam shows two peaks at binding energy values of 366.8 and 372.8 eV for 3d 5/2 and 3d 3/2 , suggesting the presence of Ag(I) in the sample due to the formation of Ag(I) upon the addition of Hg(II) ions into AgNPs@GO solution (Fig. 5a ) and the absence of peaks at 367.9 and 373.9 eV indicates the absence of Ag(0) [60] . The core-level spectrum of the Hg 4f region for AgHg particles shows two peaks at the binding energy values of 100.4 and 104.5 eV (Fig. 5b ) for 4f 7/2 and 4f 5/2 , which indicate the presence of Hg in the Hg(0) state. The position and binding energy difference between the two peaks is found to be 4.1 eV, which matches the reported value for elemental mercury (Hg(0)) [23, 60] . The XPS survey spectra of Hg 5p region (Fig. 5b) shows the absence of peaks at 69.3 and 74.35 eV for Hg5p 1/2 and Hg5p 3/2 indicating the absence of Hg(II) ions [61] . These observations strongly suggest that Hg was present as Hg (0) and also the formation of AgHg amalgam after the addition of Hg(II) to the AgNPs. Since Hg is slightly more electropositive than Ag, the redox interaction between Ag and Hg [62] is favored. This observation is also supported by the blue shift in the LSPR band of AgNPs after the addition of Hg(II) (Fig. 2a) and also the HRTEM image obtained for AgNPs after the addition of Hg(II) (Fig. 5) .
The Ag@GO and AgHg@GO solutions were coated on GCE and cyclic voltammograms were recorded in 0.1 M phosphate buffer solution (pH 7.0) to understand the electrochemical properties, and the results are shown in Fig. S4 . It is observed that the Ag@GO nanocomposite showed oxidation and reduction peaks at 370 and 66 mV due to the presence of AgNPs. Whereas, AgHg@GO amalgam-based nanocomposite modified electrode showed oxidation at 410 mV and a reduction peak at 176 mV due to the Hg in AgHg amalgam. This observation confirms the presence of Hg in the Ag@GO nanocomposite electrode.
Selectivity of Ag@GO nanocomposite based optical sensor
In order to test the selectivity of the Ag@GO nanocomposite towards the detection of Hg(II) over other commonly known metal ions in water, the absorption spectral changes of Ag@GO solution was monitored upon the addition of metal ions such as Co(II), Cu(II), Fe(II), Fe(III), K(II), Mn(II), Na(I), Ni(II) and Zn(II). Upon the addition of Hg(II) into the Ag@GO nanocomposite, the color of the solution changed from yellow to white, which was visible with the bare eyes (Inset of Fig. 6 ). For other metal ions the color change was not observable with the bare eyes. For more details, the absorbance spectra of the solution before and after the addition of different metal ions were recorded and the LSPR intensity changes are shown in Fig. 6 . It clearly indicates that the Ag@GO nanocomposite is more selective towards Hg(II) than the other metal ions.
Practical application
The practical applicability of the prepared Ag@GO nanocomposite in real sample analysis was evaluated for the determination of Hg(II) ions using tap and lake water samples ( Table 2 ). The water samples were collected from the lake and drinking water tap in University of Malaya campus and then tested. The presence of Hg(II) ions in water was tested by monitoring the reduction in LSPR band intensity of the AgNPs in the Ag@GO nanocomposite. The Hg(II) ions were added into the water samples and were allowed to interact with the Ag@GO nanocomposite. The average absorption intensity of Ag@GO nanocomposite and Hg(II) ions in different water samples was compared with the experimental values, and the percentage of recovery was calculated for each case. The experiment has repeated for 3 times and the average value obtained is recorded as the result (n=3). The obtained results (Table 2) are very close to the experimental values (with DI water), which shows that the Ag@GO nanocomposite have the potential application to detect Hg(II) ions in real life situations. Although Ag@GO nanocomposite is able to sense the Hg(II) ions in different sources of water, it cannot be used for sensing colored, turbid, or non immiscible industrial samples. The absorbance of colored or turbid samples may interfere with the absorbance of Ag@GO and make monitoring of AgNPs LSPR absorbance band changes impossible. Furthermore, the sample solution has to be immiscible in order to allow Hg(II) ions amalgam with the AgNPs.
Conclusion
In this study, the AgNPs stabilized by GO solution is tested for optical detection of Hg(II) ions in water. Deploying GO for stabilizing AgNPs, enables large amount of AgNPs to be stabilized and as the result the detection range become vaster than the previously reported works. The detection limit for 
